Introduction {#sec1}
============

DNA-encoded chemical libraries (DECLs) are collections of small molecules connected to a unique DNA sequence that serves as a barcode for the small molecule structure.^[@ref1]−[@ref3]^ Due to the high fidelity of DNA amplification and high-throughput sequencing, multibillion member DECL pools may be used in affinity-based protein target screening campaigns to enrich small molecule binders whose identifying DNA tags may be amplified/decoded at subfemtomole scales.^[@ref4]−[@ref6]^ Although many types of DNA-compatible chemical transformations for solution-phase small molecule synthesis have been disclosed,^[@ref7]−[@ref15]^ a survey of reported DECLs show the majority are constructed with at least one amidation reaction,^[@ref16]^ likely due to the inherent stability of amide bonds to aqueous conditions,^[@ref17]^ the broad substrate scope of amidations on oligonucleotide--chemical conjugates,^[@ref18],[@ref19]^ and the wide commercial availability of amines and carboxylic acids.^[@ref20]^ Amidation substrates in DECL synthesis are typically prepared through attachment of a building block already containing the required functional group, such as a bifunctional protected amine (e.g., *N*-Fmoc, *N*-Boc, nitro^[@ref21]^), bifunctional protected acid (e.g., ester), or by addition of an amino acid.^[@ref22],[@ref23]^ Although many of such bifunctional building blocks are commercially available or known, an alternative paradigm would be to install the amino or carboxyl group through conversion of a DNA-attached functional group. This offers many benefits including access to an additional segments of novel chemical matter, extended commercial building block availability, clear orthogonality in the presence of another amino or carboxyl group, and potential use as an ultimately traceless handle to modulate building block reactivity for other transformations.

Palladium-catalyzed cross coupling is a widely used reaction class in drug discovery,^[@ref24]−[@ref26]^ and several aqueous adaptations of these transformations have been reported within various DECL platforms, including Suzuki,^[@ref8],[@ref14],[@ref27],[@ref28]^ Heck,^[@ref29],[@ref30]^ and Buchwald--Hartwig coupling.^[@ref31],[@ref32]^ A powerful variant of this class is carbonylative cross-coupling, in which carbon monoxide migrates into a palladium-inserted electrophile forming an acylpalladium complex and ultimately a carbonylated cross-coupled product ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a).^[@ref33],[@ref34]^ Although this reaction is often conducted with carbon nucleophiles,^[@ref35]^ inclusion of water/hydroxide is known to result in carboxylic acid products.^[@ref36]−[@ref38]^ Typically, carbonylative cross-coupling is conducted under a saturated or high-pressure carbon monoxide atmosphere to ensure efficient migration of carbon monoxide into the palladium--electrophile complex.^[@ref33],[@ref34]^ However, the use of atmospheric or pressurized systems is inconvenient for plate-based DECL reaction screening, synthesis, or heating,^[@ref39]^ and poor control over the carbon monoxide atmosphere may lead to inconsistent product distributions from competing noncarbonylative coupling,^[@ref40]^ dehalogenation pathways,^[@ref41]^ or carbon monoxide mediated suppression of oxidative addition. Alternatively, carbon monoxide may be generated in situ through decomposition of an added carbon monoxide source, which would be amenable to sealed plate formats and accurately measured on small scale. Several methods to generate carbon monoxide in situ from reagent decomposition in the reaction medium have been reported, including the use of *N*-formyl saccharin,^[@ref42]^ molybdenum hexacarbonyl,^[@ref43]^ and formyl acetates.^[@ref36]−[@ref38]^ Based upon our work^[@ref27]^ and that of others^[@ref8],[@ref14],[@ref28]^ on DNA-compatible Suzuki coupling using hydroxide base, we hypothesized that similar conditions utilizing an internal carbon monoxide source could yield (hetero)aromatic carboxylic acids from the corresponding (hetero)aromatic halides ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b).

![Palladium-Catalyzed Carbonylative Cross-Coupling\
(a) General carbonylative cross-coupling; (b) On-DNA hydroxycarbonylation of (hetero)aryl halides.](bc-2019-00447j_0003){#sch1}

Results and Discussion {#sec2}
======================

We initiated our studies with simple aryl bromide **1a** using water-soluble palladium precatalyst sSPhos-Pd-G2,^[@ref44],[@ref45]^1-methoxy-2-propanol as organic cosolvent, and CsOH as base. Preliminary studies with *N*-formyl saccharin were not successful; however, upon switching to Mo(CO)~6~, we were pleased to observe moderate conversion to the desired benzoic acid **2a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). A catalyst screen revealed sSPhos-Pd-G2 to be superior to all other catalysts tried, and as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, further studies focused on optimizing this catalyst system. Increasing the amount of hydroxide base, increasing the amount of Mo(CO)~6~, or changing the hydroxide counterion had little effect on the product distribution ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 2--5). Not surprisingly, replacing hydroxide with weaker carbonate or borate bases resulted in significantly lowered conversion to the benzoic acid ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 6--8). Substitution of 1-methoxy-2-propanol cosolvent with CH~3~CN, 1,4-dioxane, or dimethylacetamide appeared to suppress initial oxidative addition ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 9--11).^[@ref46]^ Increasing the temperature to 90 or 95 °C lowered conversion to **2a** and enhanced the formation of reduced side product **2a′** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 12, 13). Doubling the catalyst loading led to enhanced conversion to the benzoic acid, albeit with a concomitant increase in formation of **2a′** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 14). Ultimately, the use of 12 equiv of sSPhos-Pd-G2 and 400 equiv of CsOH with 1-methoxy-2-propanol as cosolvent at 80 °C was found to be optimal ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 15).

###### Optimization of Reaction Conditions for On-DNA Hydroxycarbonylation

![](bc-2019-00447j_0008){#GRAPHIC-d7e424-autogenerated}

  Entry                                Base (equiv)          **1a**   **2a**   **2a′**
  ------------------------------------ --------------------- -------- -------- ---------
  1                                    CsOH (400)            58%      41%      1%
  2                                    CsOH (800)            62%      34%      4%
  3[a](#t1fn1){ref-type="table-fn"}    CsOH (400)            62%      36%      2%
  4[b](#t1fn2){ref-type="table-fn"}    CsOH (400)            66%      33%      1%
  5                                    NaOH (400)            68%      31%      1%
  6                                    K~2~CO~3~ (400)       91%      9%       0%
  7                                    Cs~2~CO~3~ (400)      89%      11%      0%
  8                                    pH 9.5 borate (400)   95%      5%       0%
  9[c](#t1fn3){ref-type="table-fn"}    CsOH (400)            100%     0%       0%
  10[d](#t1fn4){ref-type="table-fn"}   CsOH (400)            96%      4%       0%
  11[e](#t1fn5){ref-type="table-fn"}   CsOH (400)            72%      27%      1%
  12[f](#t1fn6){ref-type="table-fn"}   CsOH (400)            67%      29%      4%
  13[g](#t1fn7){ref-type="table-fn"}   CsOH (400)            64%      25%      11%
  14[h](#t1fn8){ref-type="table-fn"}   CsOH (400)            29%      65%      6%
  15[i](#t1fn9){ref-type="table-fn"}   CsOH (400)            0%       84%      16%

150 equiv of Mo(CO)~6~.

200 equiv of Mo(CO)~6~.

CH~3~CN as cosolvent.

1,4-dioxane as cosolvent.

DMA as cosolvent.

Temperature at 90 °C.

Temperature at 95 °C.

8 equiv of \[Pd\].

12 equiv of \[Pd\]

With this optimized condition in hand, we turned toward exploring the potential substrate scope of this transformation on a series of (hetero)aryl iodides, bromides, and chlorides ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Differentially substituted aryl iodides **1b**--**d**, iodoquinoline **1e**, and azole iodide **1j** were transformed to the carboxylic products in very good conversions, and the presence of a nearby basic amine, such as in **1f** and **1g**, did not appreciably affect the conversion. However, hydroxycarbonylation with iodide at the labile 2-position of pyridine resulted in significant formation of the dehalogenation side product (**2h** vs **2i**). Continuing to the hydroxycarbonylation of (hetero)aryl bromides, familial aryl bromides **1a** and **1k** both furnished the carboxylic acid product, and importantly, similar results were observed for **1a** when performed on the 150 nmol scale.^[@ref47]^ Although *ortho*-acyl bromide **1l** mostly provided dehalogenation,^[@ref48]^ the presence of other mild metal-coordinating groups (in **2m**--**p**) did not fully suppress product formation. Electron-rich bromides **1q**--**t** underwent effective hydroxycarbonylation, and while no reduction of the aldehyde was observed in **2t**, the nitro group was fully reduced in **2u**. This reaction was also effective on a variety of heterocyclic bromides, including pyridines **1v** and **1x**, quinazoline **1y**, imidazolopyridine **1z**, pyrimidine **1bb** and thiazole **1cc**. However, highly coordinating *ortho*-acyl pyridine **1w**, pyrimidine **1aa**, and pyrazole **1dd** suffered from significant formation of byproducts. Finally, we attempted to extend this reaction to a series of electronically diverse aryl and heteroaryl chlorides (selected examples, **1ee**--**jj**). Although the desired products were observed, lowered conversion to the carboxylic acid was realized, presumably from carbon monoxide suppression of oxidative addition.

![On-DNA Hydroxycarbonylation of (Hetero)aryl Halides](bc-2019-00447j_0004){#sch2}

To further study this reaction for DECL synthesis, we prepared an expanded set of iodide, bromide, and chloride substrates using amino-terminated 17-bp dsDNA ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). This substrate set was prepared in plate format through the nucleophilic substitution of 84 dihalo-cores, the acylation of 121 halo-acids, and the reductive alkylation of 94 halo-aldehydes. After ethanol precipitation, application of our optimized conditions to this set led to product distributions similar to those observed previously, with a variety of iodide and bromide substrates undergoing hydroxycarbonylation in moderate to very good conversions, and chlorides, in general, very poor to moderate conversions (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf) for full structural and product distribution details). To simulate a late-stage application of this transformation within a DECL, we prepared *para*-iodobenzamide **3** with an elongated 56-bp dsDNA tag ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). This substrate underwent hydroxycarbonylation in comparable conversion to other iodide substrates, and after ethanol precipitation, could be fully ligated with a dsDNA tag to carboxylic acid **4** (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf) for full details).

![Hydroxycarbonylation on an Expanded Set of Substrates](bc-2019-00447j_0005){#sch3}

![Long DNA and Ligation Test](bc-2019-00447j_0006){#sch4}

Although these tests suggested that we had developed a DNA-compatible process, application of the transformation within a pilot DECL synthesis, subsequent analysis of DECL DNA amplification efficiency and sequence distributions, and the discovery of hits are the definitive tests to determine a chemical transformation's suitability for large-scale DECL production. To accomplish this, these conditions were used on a portion of the pooled cycle 2 material from a three-cycle, "split-and-pool" type DECL synthesis we described previously ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}).^[@ref21]^ In this "split-and-pool" type process, each cycle consists of an initial split of DNA materials into many wells, a specific ligation of a unique encoding DNA tag, a specific chemical transformation and/or building block attachment, and a final pooling. In this DECL, hundreds of thousands of DNA-encoded, two-cycle (hetero)aryl halide substrates were prepared through an initial cycle 1 linkage of a bifunctional protected amine and, after *N*-deprotection, a subsequent attachment of a dihalo, halo-aldehyde or halo-acid core in cycle 2. To avoid unknown scale-induced effects,^[@ref47]^ the two-cycle material was split into 150 nanomole portions in individual wells to undergo hydroxycarbonylation and then repooled. For the third cycle, the collection of generated carboxylic acids was split into wells, each well ligated with an encoding DNA-tag and the carboxylic acids were amidated through a "reverse" acylation with a unique amine to ultimately provide a DECL of ∼81 million compounds (DECL synthesis details are in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf)). After the ligation of a library-encoding DNA tag, a "naive" sample of this DECL (i.e., not subjected to protein binding experiments) was sequenced after elaboration with additional DNA segments that enable amplification, illumina sequencing, and bioinformatic analysis. Overall, DNA recovery was close to levels observed within similar productions, the amplification efficiency was consistent to other DECLs of similar DNA architecture, no base-specific DNA effects were detected, and normalized codon populations had narrow Gaussian-like distributions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Synthesis of the Hydroxycarbonylation DECL](bc-2019-00447j_0007){#sch5}

![Codon distributions within the DECL.](bc-2019-00447j_0001){#fig1}

Finally, we sought to further validate the successful application of hydroxycarbonylation within this DECL through the rediscovery of known inhibitors or binding motifs through test "selections"^[@ref49]^ against several previously studied protein targets. After a three-round "selection" against soluble epoxide hydrolase (sEH, EPHX2), a cardiovascular target that typically exhibits high DECL success rates due to its affinity for amide and urea pharmacophores,^[@ref50]^ bio- and cheminformatics analysis^[@ref51]^ revealed significant enrichment within a disynthon^[@ref52]^ series. This disynthon hit series was produced through the cycle 2 reductive amination of 2-fluoro-5-iodobenzaldehyde and the cycle 3 "reverse" acylation of 3-methylphenylethylamine on the hydroxycarbonylation-generated carboxylic acid, a series which bears structural similarity to previously disclosed EPHX2 inhibitors.^[@ref53]^ Synthesis of the dimeric^[@ref54]^ compound truncated with a methyl group within the cycle 1 region provided **5** with an apparent *K*~i~ = 9 ± 2 nM derived from a fluorescent kinetic assay ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref55]^ An additional test set of "selections" was performed against L3MBTL1, a member of the malignant brain tumor (MBT) family of methylated lysine readers.^[@ref56]^ After a four-round "selection", bio- and cheminformatic analysis revealed high enrichment within cycle 3 monosynthons structurally similar to other known MBT-binders featuring benzamide-connected pyrrolidinyl amines (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf) for monosynthon analysis).^[@ref57]^

![EPHX2 inhibitor identified from the DECL.](bc-2019-00447j_0002){#fig2}

Conclusions {#sec3}
===========

In summary, we have demonstrated that sSPhos-Pd-G2 is an efficient catalyst for DNA-compatible hydroxycarbonylation on a variety of DNA-linked (hetero)aryl halides, and that Mo(CO)~6~ may safely be used as a source of carbon monoxide within this system. This reaction was utilized within a DECL production and further validated through the discovery of hits. These results should be useful to future full-scale DECL builds and the development of other DNA-compatible carbonylative cross-coupling methods.

Experimental Procedures {#sec4}
=======================

Materials and Instrumentation {#sec4.1}
-----------------------------

DTSU ("DEC-Tec Starting Unit") ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf)) and 5′-phosphorylated oligonucleotides were obtained from LGC Biosearch Technologies. All DNA samples were assessed for purity through the general analytical procedure for DNA oligonucleotides before use. Sequences of the oligonucleotides were designed to maximize sequence-reads and sequencing data quality (by avoiding close similarities) and each duplexed DNA pair ("codon") was designed to have divergent masses for efficient quality control analysis. A 10-mer DNA oligomer functionalized with a primary amine and cholesterol tag ("spike-in") was obtained from Sigma to monitor chemical steps during postpooling manipulations (as the greasy oligo chromatographically separates from the main library peak). T4 DNA ligase was purchased from Enzymatics (Qiagen) and the activity (i.e., minimal amount that can provide full ligation under our standardized ligation conditions) was determined through test DNA ligations. Chemical building blocks and reagents were sourced from a variety of vendors and aliquots of building blocks were stored in pure or partially aqueous acetonitrile, dimethylacetamide, 1-methoxy-2-propanol, or DMSO solutions. Building block solutions were stored in either Tracetraq (Biosero) or Matrix (Fisher) barcoded tubes with either screw- or septa-caps. Barcoded tubes were read using a SampleScan 96 scanner (BiomicroLab) and decoded using Vortex software (Dotmatics) and Excel (Microsoft). All listed buffers, including HEPES 10X ligation buffer (300 mM 2-\[4-(2-hydroxyethyl)piperazin-1-yl\]ethanesulfonic acid, 100 mM MgCl~2~, 100 mM dithiothreitol, 10 mM adenosine triphosphate, pH 7.8), concentrated hydroxide solutions, and basic borate buffer (250 mM sodium borate/boric acid, pH 9.5), were prepared in-house. DECL working solutions were prepared using DNase free ultrapure water (Invitrogen), HPLC-grade acetonitrile (Fisher), HPLC-grade dimethylacetamide, HPLC-grade DMSO, or high-purity absolute ethanol (Koptec). LC/MS running solvents were made from Optima LC/MS grade water (Fisher), Optima LC/MS grade methanol (Fisher), 99+% purity hexafluoroisopropanol (Sigma), and HPLC-grade triethylamine (Fisher). Solution transfers were performed using Biotix or Fisher brand pipet tips and reservoirs (various sizes), reactions were generally performed in polypropylene, 96-well, deep-well plates (USA Scientific, various sizes), or 96-well PCR plates (Fisher), plates were sealed for incubation with AlumaSeal II foil seals (Excel Scientific) and large volume DNA precipitations were performed in polypropylene 250 mL screw-cap bottles (from various vendors). Heated reactions were either performed in ep384 Mastercyclers (Eppendorf) or in laboratory ovens (Fisher). Solutions were centrifuged in either Avanti J-30I or Allegra X-15R centrifuges (Beckman-Coulter). Optical density measurements were made using a Biophotometer (Eppendorf).

Data Analysis {#sec4.2}
-------------

Samples were analyzed on a Thermo Vanquish UHPLC system coupled to an electrospray LTQ ion trap mass spectrometer. An ion pairing mobile phase comprising 15 mM TEA/100 mM HFIP in a water/methanol solvent system was used in conjunction with an oligonucleotide column Thermo DNAPac RP (2.1 × 50 mm, 4 μm) for all the separations. All mass spectra were acquired in the full scan negative-ion mode over the mass range 500--2000 *m*/*z*. The data analysis was performed by exporting the raw instrument data (.RAW) to an automated biomolecule deconvolution and reporting software (ProMass) which uses a novel algorithm known as ZNova to produce artifact-free mass spectra. The following deconvolution parameters were applied: peak width 3.0, merge width 0.2, minimum and normalized scores of 2.0 and 1.0, respectively. The noise threshold was set at S/N 2.0. The processed data was directly exported to Microsoft Excel worksheets for further data comparisons.

Ethanol Precipitation and DNA Reconstitution {#sec4.3}
--------------------------------------------

Based on the theoretical solution volume *n*, *n*/20 -- *n*/10 volume of a 5 M NaCl stock solution was added and the solution was gently mixed. Then, absolute ethanol (3*n* volume, 75% v/v final ethanol concentration) was added, and the solution was thoroughly mixed and then stored at −20 °C overnight to precipitate the DNA. The resulting slurry was centrifuged (\>10,000*g* for 1 h), the supernatant decanted, an addition 2*n*--3*n* of chilled 75% ethanol (v/v) was added, and the pellet was centrifuged again (\>10,000*g* for 30 min). After removal of the supernatant, the pellet was dried (in open air or under gentle vacuum within a speed-vac) and then reconstituted in neutral water or buffer (to a concentration of ∼1 mM; assessed by optical density measurements).

General Procedure for DNA Compatible Hydroxycarbonylation Reaction {#sec4.4}
------------------------------------------------------------------

To the reconstituted DNA-linked halides (10 nmol, 10 μL, 1.0 mM in H~2~O, 1 equiv) was added CsOH (4000 nmol, 10 μL, 400 mM in H~2~O, 400 equiv) and Mo(CO)~6~ (1000 nmol, 5 μL, 200 mM in 1-methoxy-2-propanol (MIPO), 100 equiv), followed by adding sSPhos-Pd-G2 (120 nmol, 12 μL, 20 mM in MIPO, 12 equiv). The reaction mixture was heated at 80 °C for 15 min and was cooled to room temperature prior to EtOH precipitation.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.bioconjchem.9b00447](http://pubs.acs.org/doi/abs/10.1021/acs.bioconjchem.9b00447).Details of experimental procedures, DNA structures, DECL construction, and selection experiments ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.9b00447/suppl_file/bc9b00447_si_001.pdf))
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